The objective of this study was to determine the effects of light intensity and duration (photoperiod) on the sporulation (discharge of primary conidia) and conidia germination (from non-infective primary conidia to infective capilliconidia) of Neozygites floridana isolates from Tetranychus urticae originating from At both light intensities, 24 h L resulted in a significantly lower capilliconidia formation for the Norwegian isolate compared to the Brazilian isolate. Our data suggest that, even though 24 h L reduced sporulation, some capilliconidia formation may occur at the low light intensities found on the underside of strawberry leaves during parts of the day as well as the top of a non-shaded strawberry leaf during the dim evening and morning hours in the tropics and during the dim, long summer days in temperate regions.
Introduction
The fungus Neozygites floridana (Neozygitomycetes: Neozygitales: Neozygitaceae) is one of the most important natural enemies of spider mites (Van der Geest et al., 2000) . Neozygites spp. develop inside spider mites as hyphal bodies, kill their host, penetrate the cuticle and produce spores (primary conidia) on conidiophores. Primary conidia are actively ejected from mite cadavers, referred to as mummies, and these conidia germinate to form the infective and more persistent capilliconidia that infect new mites (Carner, 1976; Delalibera et al., 2006; Elliot, 1998) . Natural epizootics of this fungus have been documented in important mite pests of several major cash crops (Duarte et al., 2009; Humber et al., 1981; Klubertanz et al., 1991) . One of the limitations for the utilization of N. floridana in pest control has been an incomplete understanding of how environmental factors such as relative humidity (RH), temperature and light affect disease establishment and progression.
Environmental factors regulate sporulation and primary conidia germination to form infective capilliconidia. The ability of a pathogen to form high numbers of infective propagules is important for a successful epizootic development of the pathogen in a host mite or insect population (Carruthers and Soper, 1987) . Laboratory studies have shown that RH values greater than 95% and temperatures between 13 and 25°C are critical for the reproduction of Neozygites spp. (Brown and Hasibuan, 1995; Oduor et al., 1996b; Delalibera et al., 2006) . The RH in the leaf boundary layer, where spider mites are typically located, is dependent on leaf transpiration and is often higher than the ambient RH (Boulard et al., 2004) . Macroclimatic conditions that appear to be too dry for mite and insect pathogenic fungi may therefore still provide the fungus with sufficient humidity for it to sporulate and spread in a host mite or insect population (Fargues et al., 2003) . Studies on the effects of the duration, intensity and quality of light on the sporulation and capilliconidia formation of N. floridana have not been reported to date. Two studies on the effects of light on the sporulation and capilliconidia formation of N. tanajoae (referred to as N. floridana) from the cassava green mite Mononychellus tanajoa (Acari: Tetranychidae) have been published, although these studies did not consider several important aspects of the light quality and intensity (Oduor et al., 1995b (Oduor et al., , 1996b such as the duration, intensity and quality of light that may vary based on the latitude, time of day, plant canopy and slope of the cultivated area (Wraight et al., 2007) . N. floridana isolates from different geographic locations may react differently to these varying light conditions. Therefore, the aim of this study was to determine the effects of light intensity and duration (photoperiod) on the sporulation and capilliconidia formation of N. floridana isolates from two-spotted spider mite, Tetranychus urticae (Acari: Tetranychidae), specimens from Norway and Brazil at temperatures suitable for the two different isolates.
Materials and methods
2.1. T. urticae stock culture T. urticae was collected in strawberries Fragaria Â ananassa at Ås, Akershus in south-eastern Norway (59°42 0 N, 10°44 0 E) in 2004. T. urticae were reared on strawberry plants in an acclimatized room at 21°C, 60% RH, and 16 h L:8 h D. The plants were watered three times per week. Old and weak plants were replaced as required.
N. floridana isolate
The Brazilian N. floridana isolate (ESALQ1420) used in these experiments was collected in Piracicaba, São Paulo, Brazil (22°4 2 0 30 00 S, 47°38 0 00 00 W) from T. urticae on Jack bean, Canavalia ensiformis (Fabales: Fabaceae). The Norwegian N. floridana isolate (NCRI 271/04) was collected in 2004, in the same location where T. urticae was collected.
Production of cadavers
Three non-sporulating N. floridana killed T. urticae cadavers were placed with their dorsal side up on a bean leaf disk (15 mm diameter) with the axial surface down onto 1.5% water agar in a Petri dish (5 cm diameter and 2 cm high). Six Petri dishes with water agar, leaf disks and cadavers were placed in a plastic box (22 Â 16 Â 7 cm) with the lid slightly open, to provide the right RH, and wrapped in aluminum foil for darkness. The box was kept in a climatic chamber at 20 ± 1°C, 90% RH for 24 h, for the cadavers to sporulate. Thirty healthy adult T. urticae females were then transferred to each leaf disk with sporulating cadavers and placed at the conditions described above for 24 h for N. floridana inoculation. The next day, the leaf disks with N. floridana inoculated T. urticae were transferred to a 3 weeks old strawberry plant at ambient laboratory conditions (21-25°C, 20-35% RH and 24 h of light). As leaf disk with inoculated mites started to wilt, mites walked onto the strawberry plant. After 8-9 days, dry non-sporulating cadavers were collected, and stored in hermetically closed plastic vials (20 mL) with the bottom filled with silica gel and a cotton layer on the surface in freezer at À10°C for 25-35 days before being used in the experiment.
Experimental set up
Experiments were conducted at two light intensities, 40 lmol m , respectively. The light intensity that reaches the underside of a strawberry leaf is 1-6% of the total light intensity that reaches the non-shaded upper leaf surface.
Each experiment was conducted in a 2 Â 2 Â 3 factorial design consisting of two N. floridana isolates (one Brazilian (ESALQ1420) and one Norwegian (NCRI 271/04)), two temperatures (18°C and 23°C) and three photoperiods (24 h of continuous light (24 h L), 12 h of darkness followed by 12 h of light (12 h D:12 h L) and 24 h of continuous darkness (24 h D)). The experiment was configured as a randomized complete block design with four replicates (blocks). Individual T. urticae cadavers infected with either the Brazilian or the Norwegian N. floridana isolate were placed onto square photo-etched cover slips (18 Â 18 mm) with alphanumeric-coded squares (Electron Microscopy Sciences, Hatfield, PA, USA). The cover slips were then placed into transparent plastic boxes (17.4 Â 11.0 Â 4.2 cm) lined with moist filter paper to achieve 100% RH. The chambers were closed with tightly fitting lids and placed in climatic chambers (Sanyo MLR-351H) configured for each treatment condition. Plastic boxes were wrapped in aluminum foil after 12 h of light to provide 12 h of darkness, or they were continuously covered in aluminum foil to provide 24 h of darkness. The effects of the light intensity and photoperiod on the sporulation were assessed after 24 h of incubation. This evaluation was performed using a phase contrast microscope (Â400) to count the number of primary conidia and those forming capilliconidia in every alphanumeric-coded square on the photo-etched cover slips with sporulating cadavers. Germinated conidia were defined as primary conidia that were in the process of forming or had already formed a capillary and therefore called capilliconidia.
Statistical analysis
Quasi-Poisson and quasi-binomial models were used to analyze the number of primary conidia and proportion of capilliconidia, respectively, because the data showed overdispersion (Hinde and Demetrio, 1998) . For the linear predictor, it was considered a model with the effects of block and a full 2 Â 2 Â 3 factorial for the factors photoperiod, temperature and isolate, which was compared with its sub models without one or more interactions. When the interactions were not significant (P > 0.05), only the main effects were present in the linear predictor and the multiple comparisons were performed for the marginal means. Otherwise, the cell means were used. All analyses were performed using the R statistical software environment (R Development Core Team, 2012).
Results
Twenty four hour of the light intensity of 280 lmol m À2 s À1 resulted in a significantly (P < 0.05) lower primary conidia number compared with 12 h D:12 h L and 24 h D ( ), a significantly (P < 0.05) lower number of primary conidia was observed for 24 h L compared with the 24 h D treatment, but no difference was found between 24 h L and 12 h D:12 h L. No effect of the isolate or temperature on primary conidia production was found at either of the light intensities (Tables 1 and 2 ). The effect of photoperiod and light intensity on the capilliconidia formation showed that at both light intensities, a photoperiod of 24 h L resulted in a significantly (P < 0.05) lower capilliconidia formation for both isolates. These results also show that 24 h L at both light intensities resulted in a significantly (P < 0.05) lower capilliconidia formation for the Norwegian isolate compared to the Brazilian isolate (Tables 3 and 4 ), no effect of the isolate or temperature on capilliconidia formation was found at any of the light intensities (Tables 3 and 4) .
Discussion
The results demonstrate that a photoperiod of 24 h of full light resulted in a significantly lower production of primary conidia of both N. floridana isolates at both temperatures. This observation is in agreement with earlier studies on the effects of light on the production of primary conidia and capilliconidia formation of N. tanajoa, which report that light inhibits primary conidia production and capilliconidia formation whereas darkness promotes them (Oduor et al., 1996a,b) . In the experiments conducted by Oduor et al. (1995a Oduor et al. ( ,b, 1996a , light was provided by two 15 W daylight fluorescent tubes that produced a light intensity of 10 lmol m À2 -s À1 , which is a lower light intensity than that used in our experiment. In our study, we report that the production of primary conidia and formation of capilliconidia of N. floridana is reduced when exposed to 24 h L at both of the studied light intensities and that the reduction was much stronger for capilliconidia formation than for primary conidia production. Furthermore, 24 h L resulted in a much lower capilliconidia formation for the Norwegian isolate compared to the Brazilian isolate. Our light measurements from the shaded underside of strawberry plants show that the light intensity varied from 40 to 80 lmol m À2 s À1 in Norway and from 20 to 148 lmol m À2 s À1 in São Paulo, Brazil. The light intensity in non-shaded locations (e.g., on top of a strawberry leaf) in Norway during the middle of a sunny day in mid-summer is between 2000 and 3000 lmol m À2 s À1 (pers. comm., Aruppillai Suthaparan) and is between 3000 and 4000 lmol m À2 s À1 in São Paulo, Brazil, during the middle of a sunny day in mid-winter. Our results, therefore, suggest that both primary conidia production and some level of capilliconidia formation may occur during both night and day when the cadaver is located on the shaded underside of a strawberry leaf. This process may also occur on the top of a non-shaded strawberry leaf during the dim evening and morning hours in the tropics (e.g., in Brazil) and during the Means followed by different lower-case letters within the same column are significantly different based on the quasi-binomial model (P < 0.05). Means followed by different upper-case letters within the same row are significantly different based on the quasi-binomial model (P < 0.05). Selected model: block + temperature + isolate + photoperiod + photoperiod Ã isolate + photoperiod Ã temperature. The fact that the production of primary conidia of any of the isolates at any of the temperatures at 12 h D:12 h L was similar to 24 h D indicates that the fungus discharged most of its conidia during the first 12 h D.
Contrary to our expectations, the reduction of capilliconidia formation under light conditions was strongest for the Norwegian isolate, which we expected to be adapted to long and light summer nights. The origin of the tested Norwegian isolate was from a southern location in Norway, however, where the maximum daily duration of sunlight in the summer is almost 19 h (21 June); therefore, the isolate is expected to receive 5 h of dim light (at sun rise and sun set) and darkness in the summer.
The induction and/or inhibition of N. floridana primary conidia production and capilliconidia formation by the use of light is a characteristic that can be exploited for the mass production of N. floridana-infected cadavers, specifically for their storage or the timing of inoculative releases in the field or in greenhouses (Wekesa et al., 2008) . N. floridana is difficult to produce in vitro, and in vivo culture in mummified cadavers remains the only available method for the production of this fungus. N. floridana-infected cadavers should be kept dry and without sporulation at harvest. Because the sporulation and capilliconidia formation of the fungus is affected by light, our results may be useful for the mass production of N. floridana, for which light should be used to prevent sporulation. Furthermore, our findings suggest that light can be used for the control of diseases caused by N. floridana in tetranychid mite colonies used for the mass production of predatory mite rearing units. In conclusion, these results indicate that the intensity and duration (photoperiod) of light is important for epizootics of N. floridana in the field and in greenhouses and should be taken into account during the production and release of this fungus.
